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Large-scale mechanical buckle fold development and the initia-
tion of tensile fractures
Andreas Eckert1, Peter Connolly2, and Xiaolong Liu1
1Department of Geosciences and Geological and Petroleum Engineering, Missouri University of Science and Technology,
Rolla, Missouri, USA, 2Chevron ETC, Houston, Texas, USA
Abstract Tensile failure associated with buckle folding is commonly associated to the distribution of
outer arc extension but has also been observed on fold limbs. This study investigates whether tensile
stresses and associated failure can be explained by the process of buckling under realistic in situ stress con-
ditions. A 2-D plane strain finite element modeling approach is used to study single-layer buckle folds with
a Maxwell viscoelastic rheology. A variety of material parameters are considered and their influence on the
initiation of tensile stresses during the various stages of deformation is analyzed. It is concluded that the
buckling process determines the strain distribution within the fold layer but is not solely responsible for the
initiation of tensile stresses. The modeling results show that tensile stresses are most dependent on the per-
meability, viscosity, and overburden thickness. Low permeability (<10219 m2), high viscosity (1021 Pa s),
and low overburden pressure can explain tensile failure at the fold hinge. Tensile stresses in the limb of the
fold cannot (in general) be explained by buckling. Rather, it develops due to a combination of compression
and erosional unloading. The modeling results show that erosion of high permeability rocks can explain the
generation of tensile stresses at significant depths (2 km) both at the hinge of the fold and throughout
the limb of the fold. This study shows that tensile stresses and associated failure within buckle folds is
directly dependent on the distribution of material parameters but moreover to the strain history of the geo-
logic system.
1. Introduction
Folds and fold trains of sedimentary strata are among the most common structural trap systems for hydro-
carbon reservoirs. The existence and occurrence of natural fracture systems associated with fold structures
play an important role in hydrocarbon migration and production since these fractures often behave as
zones of elevated permeability [Sibson, 1996]. Of particular interest in a geomechanical analysis of such res-
ervoirs is the prediction of the location, type, extent, and orientation of these fold-related structures both
for fluid flow pathway and reservoir stability prediction. The occurrence and development of these fracture
systems during fold evolution have been extensively studied and are dependent on a variety of parameters,
such as layer thickness [e.g., McQuillan, 1973; Narr and Suppe, 1991; Schmalholz et al., 2002], lithology [e.g.,
Price, 1974; Ericsson et al., 1998; Bai and Pollard, 2000], rheology [Zhang et al., 1996; Frehner, 2011], elastic
property contrasts [Bourne, 2003], the state of stress [Price, 1966; Ramsay, 1967; Stearns, 1968; Price and
Cosgrove, 1990; Lemiszki et al., 1994], interlayer slip [Chapple and Spang, 1974; Cooke and Underwood, 2001;
Smart et al., 2009], and their position in the fold system [e.g., Price and Cosgrove, 1990].
Several authors [e.g., Price, 1966; Stearns, 1968; Price and Cosgrove, 1990; Bergbauer and Pollard, 2004] have
presented a conceptual model of 5–6 different symmetric fracture sets associated to fold structures (Figure
1). In order to predict the occurrence of fold-related fractures, a distinction has to be made relative to the
time of their development, i.e., if the fractures have occurred before, during, or after the folding. As Price
and Cosgrove [1990] point out, different sets of conjugate shears in an anticline (fracture Sets 1–4 in Figure
1), and tensile fractures perpendicular to the bedding planes and oriented either along or perpendicular to
the fold axis (fracture Sets 5–6 in Figure 1) require different relations of the principal stresses, and thus these
fractures develop at different times during the deformation history of the fold as the stress state changes.
This paper focuses on the generation of tensile fractures in large-scale buckle folds. Tensile fractures normal
to the bedding and parallel to the fold axis are commonly reported as occurring in the outer arc of fold
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hinges [Narr and Suppe, 1991; Fischer and Wilkerson, 2000; Hennings et al., 2000; Bergbauer and Pollard, 2004]
but field observations also show their occurrence in fold limbs [Silliphant et al., 2002; Reber et al., 2010]. It is
generally postulated that these fractures are the result of the buckling processes during the evolution of
the geologic structure [Stearns and Friedman, 1972; Srivastava and Engelder, 1990]. This becomes of interest
as different studies [Price and Cosgrove, 1990; Twiss and Moores, 2007; Bergbauer and Pollard, 2004] conclude
that preexisting vertical joint sets play an important role in the distribution of fold-related fractures. Conse-
quently, the prediction and analysis of folding-related extensional fractures can be separated into studies
considering the development of the fold structure and its associated fractures over geologic time scales
and into studies which are based on final fold geometry.
A common technique for fracture prediction for developed fold shapes is fold curvature analysis [e.g., Lisle,
1994; Fischer and Wilkerson, 2000; Bergbauer and Pollard, 2004] which assumes that the folded layers repre-
sent elastically bent plates and the fractures associated with the fold are a result of the bending strains.
In order to distinguish compressional failure and tensile failure, the neutral surface concept [Ramsay, 1967;
Price and Cosgrove, 1990; Twiss and Moores, 2007; Frehner, 2011] is used. The neutral surface of a fold sepa-
rates regions of layer parallel extensional strain above the surface and layer parallel compressional strain
below it. Limitations of fold curvature analysis are that it does not account for the stress differences arising
from material heterogeneities, does not account for the changes of the state of stress due to changing pore
pressures and does not consider the timing of fracture formation [Smart et al., 2009].
Geomechanical models using finite element analysis (FEA) overcome these drawbacks and enable sim-
ulation of the mechanical development of buckle fold trains as a result of the applied stresses and
strains over geologic time scales. Numerical modeling techniques have been used as early as 1969
[Dieterich and Carter] to study folding and many studies have been conducted since to provide a
more thorough understanding of fold development. It is understood that rheology [e.g., Zhang et al.,
1996; Schmalholz and Podladchikov, 1999; Jeng and Huang, 2008; Frehner, 2011], strain rate [Lemiszki
et al., 1994; Jeng et al., 2002], kinematic boundary conditions [Schmalholz, 2008], and initial perturba-
tion [Mancktelow, 1999; Zhang et al., 2000] have significant influence on fold geometry and stress and
strain distribution.
Several studies have investigated the influence of buckle fold development on the occurrence of associated
tensile fractures. Lemiszki et al. [1994] show that, depending on strain rate, the burial depth and the pore
pressure distribution have a significant influence on the initiation of hinge parallel extensional fracture sets.
Casey and Butler [2004] observe dramatic changes in layer-parallel stresses and argue that various types of
failure (tensile, shear, and grain crushing) could be explained by their modeling results. One of their main
conclusions is that due to the complexity of stress history of fold hinges the timing of fracturing is not pre-
dictable. Reber et al. [2010] employ 3-D viscous FE analysis to study the formation of mode I tensile fractures.
They conclude that, based on the history of stress orientations during folding, fractures perpendicular to
the fold axis form during small fold amplitudes under layer-subparallel compression, and that fractures par-
allel to the fold axis are occurring when fold amplitudes are large and fold limbs are under layer-subparallel
tension. Frehner [2011] developed a concept of incremental neural lines (representing zero layer parallel
Figure 1. (a) Set of four different shear fractures commonly associated to fold structures. (b) Two sets of extensional fractures associated
to fold structures. Figures after Price and Cosgrove [1990].
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strain rate) and final neutral lines (representing zero layer parallel strain) during folding and their relation-
ship to fracture initiation. The study shows that tensile fracture initiation and its growth may be related but,
due to the influence of overburden and pore pressure, is not directly proportional to the position of the
incremental neutral line.
While a great amount of knowledge has been gained on the evolution of folds and their stress and strain
history, many assumptions and simplifications are made. Only a few studies consider the influence of grav-
ity [Schmalholz et al., 2002] and the influence of pore pressure/overpressure is often reduced to the analysis
of the mean stress [e.g., Stephansson, 1974; Mancktelow, 2008]. The studies discussed above show that the
stress history of folding is dependent on many physical parameters and that the prediction of the timing
and evolution of the associated fractures requires additional understanding. The particular question that
arises is whether tensile fractures are necessarily associated with the stresses and strains occurring as a
result of flexural forces during folding. In other words, is the flexure due to buckling the only physical pro-
cess that produces tensile failure at the hinge and in the limbs of buckle folds? Frehner’s [2011] study shows
that extensional strains may explain the occurrence of tensile failure, but tensile fractures only form when
the minimum effective principal stress exceeds the tensile strength of the rock. However, during the evolu-
tion of a fold and its exhumation, conditions for tensile failure can develop which are not directly related to
buckling. Thus, field observations from outcrops exhibiting tensile failure may not be a valid sample with
which to confirm tensile failure at depth since processes such as uplift and exhumation can also result in
rock failure. As Frehner [2011] points out, both overburden and pore pressure have significant influence on
the development of tensile fractures. However, to the authors’ knowledge, no study comprehensively
addresses the formation of fractures related to overburden and fluid pressure. In this context, the material’s
permeability plays an important role in the generation of compression related overpressures and its poten-
tial to generate fractures and a more thorough understanding is necessary.
This study uses 2-D plane strain FEA using viscoelastic rheology to simulate single-layer buckle fold devel-
opment of one class of sediments under realistic in situ stress and pore pressure conditions. The influence
of material parameters, burial depth, permeability, and exhumation are studied to gain a more thorough
understanding of the initiation of fold-related tensile fractures. Of particular interest are the specific condi-




In this study, viscoelastic single-layer fold systems are simulated and a classic Maxwell model is adopted fol-
lowing the studies of Mancktelow [1999], Zhang et al. [2000], and Schmalholz et al. [2001]. The Maxwell rhe-
ology enables instantaneous elastic behavior for fast strain rates and time-dependent viscous behavior for
slower strain rates.
For this study, it is assumed that folds extend infinitely along the fold axis and that the displacements of all
points in the model are parallel to the x-z plane. Therefore, a 2-dimensional plane strain approach is fol-
lowed. In addition to the viscoelastic Maxwell rheology, pore pressure is introduced by utilizing effective
stress analysis assuming an incompressible fluid and rock matrix (i.e., Biot coefficient a51; see supporting
information). The finite element method (via the commercial software package ABAQUSTM) is employed to
solve the equations of equilibrium, conservation of mass, constitutive equations, and the equations for pore
fluid flow. The unknowns of the problem comprise the stress tensor components rxx, rzz, and rxz, the pore
pressure PP, the material velocities in x and z directions vx, and vz, and the material density qm.



















The constitutive relationships for a compressible Maxwell body in plane strain are [Ranalli, 1995]:
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where K is the Bulk modulus, G the Shear modulus, m the viscosity, and a the Biot coefficient. The super-
script ‘‘iso’’ denotes the isotropic part of the stress tensor and ‘‘dev’’ denotes the deviatoric part. Since the
material density, qm, in the model is depth dependent and depth changes with time, the conservation of











Fluid flow is simulated by Darcy’s law [Jaeger et al., 2007] and since assuming a5 1 (see supporting informa-













1 _r iso50 (7)
where kx,z represents the permeability components, mf the fluid (i.e., water) viscosity. Equations (1–7) repre-
sent the seven governing equations to solve for the seven unknowns of the problem. The detailed deriva-
tion of the equation system can be found in supporting information.
From equation (7), it can be seen that the pore pressure response is coupled to the volumetric strain (and
hence to the isotropic stress tensor). Fluid flow is then modeled as the result of strain-related pore volume
changes, whereby pore pressure is increased in regions of compressional strain (i.e., reduction in volume)
and pore pressure is decreased in regions of extensional strain (i.e., increase in volume).
2.2. Dominant Wavelength
In order to study the stress distribution of buckle folds the numerical models are setup such that only one
wavelength is amplified. Based on the classic single-layer fold theory [e.g., Biot, 1961], it has been found
that folds are characterized by a dominant wavelength kdv, which is dependent on the viscosity contrast,








, where h is the
layer thickness, ll the folding layer viscosity, and lm the matrix viscosity). In order to determine an appropri-
ate dominant wavelength for the various models, the approach by Schmalholz and Podladchikov [1999] and
Schmalholz et al. [2001] is followed using the parameter R which determines if the competent layer is folded
viscously (R<1) or elastically (R>1). R is defined as the ratio between the viscous dominant wavelength, kdv,














where G is the shear modulus and P0 is the initial layer parallel stress. For the range of viscosities ll (i.e.,53
10192 53 1021 Pa s) in the numerical models, the deformation will be dominantly viscous and the initial layer
parallel stress is given by P054ll _e [Schmalholz and Podladchikov, 1999]. Based on these values, the parameter R
is calculated for models having a viscosity ratio of 50. The data show that R is in the range of 0.026–0.262 (sup-
porting information Table S1), indicating that deformation is dominated by viscous behavior. Therefore, for these
models kdv/h of 12.74 m is chosen. For the different viscosity ratios, Rl considered (i.e., 20, 100, 200), R is in the
range of 0.093–0.186 (supporting information Table S1), and the appropriate kdv/h is chosen accordingly.
2.3. Model Setup
The geometry of the 2-D finite element model comprises a central single-folding layer 30 m thick embed-
ded in a matrix 2 km thick (Figure 2). The folding layer is characterized by small periodic perturbations of
the viscous dominant wavelength and 2.5 m amplitude and is horizontally compressed using a strain rate
of 10214 s21, representative of a reasonable geologic deformation rate [Twiss and Moores, 2007]. The overall
horizontal model dimension is 1911 m, enabling several fold trains to develop. The folding layer and matrix
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are distinguished by a stiffness and viscosity
contrast Rl (Table 1). Since significant overbur-
den loads are investigated in this study, poros-
ity changes with depth are applied after
Medina et al. [2011]:
/ðzÞ516:39e20:00039z (9)
where / is the porosity, and z is the depth in
m (relative to the top of the matrix).
Because permeability is also a function of depth,
the relationship givenMedina et al. [2011] is
modified to account for lower permeabilities:
kðzÞ57:583  10217e0:283/ (10)
where / is the porosity, z is the depth in
meter, and k is the permeability in m2.
The initial pore pressure distribution in the
model is assumed to be hydrostatic and the
permeability is considered to be anisotropic
with the horizontal permeability being 5 times
the vertical permeability. A list of the model
material parameters is given in Table 1
wherein the magnitudes of the parameters
represent the base case (model) considered.
In order to simulate realistic in situ stress magni-
tudes in a 2-D or 3-D numerical model, a stress
initialization procedure (termed prestressing) is
required wherein the modeled stresses generated
as a result of gravitational compaction reach a
state of equilibrium. A common procedure to sim-
ulate realistic in situ stresses involves the follow-
ing steps [Buchmann and Connolly, 2007; Eckert
and Connolly, 2007; Smart et al., 2009] (Figure 2):
(1) gravitational prestressing based on the equa-
tions of linear elasticity; (2) application of horizon-
tal strain in order to simulate the horizontal
compression to initiate buckling. Shortening in
the x direction is accomplished by applying a con-
stant strain rate until 50% shortening is reached.
3. Results
In order to determine the initiation and evolution of tensile fractures, the stress history during the fold
development has to be analyzed. In the analysis of the modeling results, the spatial and temporal evolution
of the minimum effective in-plane principal
stress, termed r’3, is used as the main indica-
tor for possible tensile fracture develop-
ment. This indicator is chosen since tensile
failure occurs whenr’3 equals the tensile
strength (T0) of the rock (i.e., r’35 2T0) and
thus the timing of r’3 meeting this condition
during the fold evolution becomes crucial.
To simplify the analysis and reduce the need
to make assumptions regarding the rocks’
Figure 2. Boundary conditions for 2-D numerical models. (a) In order to
simulate realistic stress magnitudes in a numerical model gravitational
prestressing is applied. This step utilizes a boundary condition setting
where only gravity is acting and the model sides are constrained such
that only in-plane displacements are allowed (rollers). The instantane-
ous gravitational compaction results in a state of stress that is used as
initial conditions for subsequent modeling steps. (b) After reaching
gravitational equilibrium a constant, tectonic strain ehor can be added to
the model, which results in the initiation of buckling.
Table 1. Material Properties for the Base Model
Properties Folding Layer Matrix
Specific gravity 2.75 2.75







Poisson ratio 0.25 0.25
Permeability
(at 1000 m)
1:75  10215 (m2) 1:75  10215 (m2)
Strain rate 10214 (s21) 10214 (s21)
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tensile strength, the case where T05 0 is considered. Thus, the discussion identifies regions of tensile r’3 as
potential fracturing sites. The following analyses investigate the stress history of the developing fold trains at
their hinges (i.e., Element 1 in Figure 3a) as this is the location with the highest probability to reach tensile
stresses. As shown for the base case model (Table 1), r’3 magnitudes initially increase before they steeply
drop after 16% shortening and reach a pronounced minimum at 26% shortening (Figure 3c). As the strain
distribution in single-layer buckle folds is layer parallel, the resulting stress distribution does not vary signifi-
cantly along a layer perpendicular cross section in the limb (Figures 3e and 3f). Hence, the evolution ofr’3 in
the limbs is only presented for element F (Figure 3b highlighted in red color) as it has the lowest value.
Fold systems form in a variety of geologic environments and a series of parametric studies is performed
with the aim of providing a better understanding of which conditions are necessary to initiate tensile failure
during buckle folding and which parameters have the greatest influence. The parameters considered are
overburden thickness, competence contrast, viscosity, and permeability. In each series of analyses, only one
parameter is varied. The remaining model parameters of specific gravity, Young’s modulus, Poison’s ratio,
and strain rate (Table 1) remain constant.
Figure 3. (a) Results for the minimum principal stress are analyzed for Element 1 (red) along the hinge of the fold. (b) Results for the mini-
mum principal stress are analyzed for the central element (F) at the limb of the fold. (c, d) The stress evolution (r’3) for the hinge of the
fold shows the minimum for element 1. (e, f) r’3 for the limb of the fold shows no significant differences across the layer.
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The ratio of P0/G [Schmalholz and Podladchikov, 1999] (i.e., layer parallel stress over shear modulus) for the
various models investigated ranges from 0.0053 (for all models based on Table 1) to 0.021 (for model
with highest viscosity). This is within the range of P0/G results previously reported for viscoelastic buckle
folds [Schmalholz and Podladchikov, 1999].
3.1. Parametric Study
3.1.1. Overburden
The amount of initial overburden thickness is increased from 0.5 to 3 km. It is important to note that the
overburden depth and the rock density do not remain constant during the development of the fold. As a
result of the horizontal compression, significant ‘‘thickening’’ of the model domain occurs and the overbur-
den stress increases. For example, an initial overburden of 500 m results in 978 m of overburden after 50%
shortening. As expected, larger overburden thicknesses results in larger vertical stresses and thus a higher
degree of compression both at the hinge and the limb of the fold (Figures 4a and 4b). As can be seen for all
cases, a steep drop in r’3 is observed at the hinge after 16–20% shortening and r’3 magnitudes reach a min-
imum at approximately 25–30% shortening, before r’3 magnitudes steadily increase again (Figure 4a). The
drop in r’3 can be explained by the occurrence of tensile fiber stresses due to the buckling process. The
subsequent increase in r’3 is explained by the steady increase in overburden pressure in combination with
the ongoing horizontal compression. Figure 4a also shows that tensile stresses at the hinge are only
obtained for the lowest overburden thickness of 500 m. At the limb of the fold structure (Figure 4b), the r’3
magnitudes never become tensional and show comparatively little variation.
3.1.2. Competence Contrast
Figure 4c shows the temporal evolution of the minimum effective principal stress, r’3, at the hinge of the
fold structure for models with different competence contrasts (Rl525, 50, 100, 200). The general trend for
the r’3 magnitude at the hinge of the fold structure shows a continuous increase until at a certain shorten-
ing percentage (9–30%) a drop in r’3 occurs. For larger values of Rl, this r’3 decline occurs at a lower short-
ening percentage and the decline is steeper, also reaching lower r’3 magnitudes. This behavior reflects the
onset of fold amplification after a period of layer parallel compression, which occurs earlier for higher vis-
cosity ratios, as also observed by [Johnson and Fletcher, 1994]. Tensile stress magnitudes are not reached for
any of the competence contrasts considered. At the limb of the fold structure (Figure 4d), the r’3 magni-
tudes never become tensional and steadily increase with shortening.
3.1.3. Viscosity
Using a constant competence contrast (Rl550), viscosities for the folding layer are varied from 5*10
19 Pa s
to 1021 Pa s which represents a common range for crustal rocks [Twiss and Moores, 2007]. The stress evolu-
tion at the hinge (Figure 4e) shows a similar trend for viscosities of 5*1019 and 1020 Pa s whereby stresses
do not vary much between limb and hinge. For higher viscosities, i.e., 5*1020 Pa s and above, r’3 magni-
tudes drop after 16% shortening and become tensile for lf>1021 Pa s. This can be explained by consider-
ing the factor R [Schmalholz and Podladchikov, 1999]. R for the high viscosity models (supporting
information Table S1) reaches values of 0.31 for the later stages of shortening resulting in a more elastic
response compared to the base model for which R50.15, and thus results in more extreme stress magni-
tudes. r’3 magnitudes on the limb of the fold (Figure 4d) show the same response with respect to viscosity
as r’3 at the hinge; however, tensile stresses are not obtained.
3.1.4. Permeability
For the permeability analysis, both matrix and folding layer are characterized by the same permeability. It is
recalled that the permeability is considered to be anisotropic with the horizontal permeability being 5 times
greater than the vertical. Horizontal permeabilities are varied from 10213 m2 to 10223 m2 reflecting a large
range of sedimentary rocks [Jaeger et al., 2007]. Since compression of porous material results in overpres-
sure, the dependence of r’3 and the pore pressure with respect to the permeability is analyzed.
Figure 5a shows the evolution of the pore pressure at the hinge during fold formation. For high permeabil-
ities (10213 to 10217 m2), overpressure does not develop and the pore pressure is close to the theoretical
hydrostatic value (Figure 5a). For lower permeabilities (10219 to 10223 m2), the folding layer becomes over-
pressured almost instantaneously after the onset of horizontal compression. In the early stages of the fold
development (<18% shortening), the lowest permeability results in the highest degree of overpressure. For
the later stages (>18% shortening), pore pressures steadily increase; however, the maximum pore pressure
Geochemistry, Geophysics, Geosystems 10.1002/2014GC005502
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at the hinge is obtained for k510221 m2 (Figure 5a) and not for the lowest permeability case. At the limb of
the fold, the pore pressure evolution follows the same trend as for the hinge (Figure 5b). This behavior can
be explained by the pore pressure evolution (Figure 6). It can be seen that for 10221 m2 the pore pressure
in the folding layer and the matrix are hydraulically connected, resulting in pore pressure magnitudes that
correlate to depth (Figure 6a) with the lowest pore pressure of 38.64 MPa occurring at the hinge of the fold
and the highest pore pressure of 41.03 MPa at the bottom of the synform. For 10223 m2 (Figure 6b), the
pore pressure in the folding layer and the matrix are slightly decoupled and linked to the strain distribution
in the layer, whereby the pore pressure is not depth related and the maximum pore pressure of 41.23 MPa
occurs at the limb of the fold. The slightly lower pore pressure at the hinge can be explained by the slightly
higher extensional strain developed here.
Figure 4. Results of minimum principal stress (r’3) with respect to model shortening for the various parameters tested. The dashed line at 0
MPa marks the onset of possible tensile failure. (a) r’3 for various overburden thicknesses at the hinge. The overburden thickness determines the
degree of compression of the model and as expected lower overburden thickness results in lower r’3 magnitudes. For the lowest thickness, ten-
sile stresses occur after20% shortening. (b) r’3 at the limb of the fold do not vary significantly and do not reach tensile magnitudes for any
thickness. (c) r’3 at the hinge of the fold for various competence contrast ratios. The higher the competence contrast between matrix and fold-
ing layer the earlier a drop in r’3 can be observed. (d) r’3 at the limb of the fold for various competence contrasts shows steady increase with
shortening. (e) r’3 at the hinge of the fold for various viscosities tested. Only for high viscosities (>10
21 Pa s), a rapid decrease in r’3 reaching ten-
sile stresses can be observed. (f) r’3 at the limb of the fold for various shows a similar behavior but does not reach tensile stress magnitudes.
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The stress evolution at the fold hinge (Figure 5c) shows the same trend for all scenarios whereby initially r’3
magnitudes increase to reach a maximum value at around 15–16% shortening and then drop significantly
to reach a minimum at 25–30% shortening. Since the pore pressure for permeabilities of 10213 to 10217 m2
remains hydrostatic variations of r’3 are negligible and tensile stresses are not reached at the hinge of the
fold. As indicated by the evolution of overpressure for permeabilities of 10219 to 10223 m2 r’3 magnitudes
Figure 5. (a) Pore pressure evolution at the fold hinge. Permeabilities of 10213 to 10217 m2 do not result in overpressure and pore pressure
is equivalent to hydrostatic. Lower permeabilities exhibit overpressure, whereby the highest pore pressure at the hinge is obtained for
10221 m2. (b) Pore pressure evolution at the fold limb showing the same trend as for the hinge. (c) r’3 at the hinge of the fold show a
steady increase towards a maximum at 15–16% shortening before declining. The steepest decline and hence the lowest stress is
observed for 10221 m2, reaching tensile stresses (below dashed black line) at 20% shortening. At the early stages of shortening, tensile
stresses are only obtained for 10223 m2. (d) r’3 at the limb of the fold show tensile stresses at the early stages of shortening (0–2%) for the
lowest permeability, but stresses remain compressive for all other permeabilities considered.
Figure 6. (a) Pore pressure magnitudes for 10221 m2 exhibits depth related relation with maximum and minimum values occurring at the
bottom of the synform and top of the hinge, respectively. (b) Pore pressure magnitude for 10223 m2 are not depth related but linked to
the strain distribution with the maximum pore pressure occurring in the limb.
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are much lower and minimum tensile
stresses of 23 to28 MPa occur. It is impor-
tant to note that the lowest r’3 magnitudes
are obtained for k510221 m2 instead of the
lowest permeability 10223 m2 due to the
pore pressure distribution as discussed. r’3
magnitudes at the limb of the fold (Figure
5d) do not show significant variations after
5% of shortening and reach steady values.
Only in the first 1–2% of shortening for the
lowest permeability of 10223 m2 tensile
stresses are attained initially. The r’3 magni-
tude results for 10221 m2 and 10223 m2
show that the dependency on permeability,
especially after 16% shortening, is both
nonlinear and nonuniform. This behavior
can be explained by the pore pressure evolution (Figure 6). With respect to the development of tensile
stresses, the case with the lowest permeability (10223 m2) merits further consideration (Figure 7). During
the very early stages of deformation (0–1% shortening), minor tensile stresses (21 to 23 MPa) are devel-
oped in the middle section of the layer. It is interesting to note that this behavior is not observed for the
cases with permeabilities higher than 10223 m2.
3.1.4.1. Permeability versus Overburden
In order to study the relative influences of the initial overburden pressure and permeability, Figure 8 shows
the evolution of r’3 magnitudes for the various permeabilities considered for a low initial overburden thick-
ness of 500 m. The r’3 results (Figure 8) show exactly the same trend as developed in the initial 1000 m
overburden model, but tensile stresses are obtained for all permeabilities. For the lowest permeability
(10223 m2), tensile stresses are also observed in the early stages of folding (0–2% shortening) at the limb.
These results clearly show the influence of the overburden load as the major contributor controlling the
magnitude and orientation of the compressional stress.
4. Discussion
The 2-D plane strain modeling approach presented in this paper shows that the stress history during the
development of viscoelastic single-layer buckle folds can be successfully simulated and help provide a bet-
ter understanding of the initiation and occurrence of tensile failure often seen in folded outcrops [e.g., Berg-
bauer and Pollard, 2004; Reber et al., 2010]. A large variety of studies explain the occurrence of tensile
fractures at the hinge zone of the fold due to layer parallel tensional strain above a neutral surface. An
important drawback of strain-based approaches, as stated by Smart et al. [2009], is the neglect of gravity
Figure 7. (a) r’3 for the lowest permeability model (10
223 m2) during the
initial 1% of shortening show minor tensile stresses of  22MPa (dark gray
contours) for the middle of the layer.
Figure 8. Permeability versus shortening for a model with a lower initial overburden load (500 m) for the hinge (a) and limb (b). The results
show that the overburden is responsible for the overall degree of compression. Stress magnitudes at the hinge are much lower (compare
with Figure 5) and tensile magnitudes (below dashed black line) are much more prevalent.
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and pore pressure which prevents the analysis of tensile failure initiation using a failure criterion based on
realistic stress magnitudes. While layer parallel and perpendicular strain may become tensile in curvature-
based modeling approaches, the in situ state of stress is compressive and tensile buckling stresses need to
be very large to overcome the compressional state of stress generated by the weight of the overburden.
This study utilizes a modeling approach which simulates the buckling process under realistic in situ stress
and strain conditions and the sensitivity analyses of the tested model parameters (overburden, competence
contrast, viscosity, permeability) shows that tensile failure associated to the physical process of buckling
may only be initiated under specific conditions. The results presented show that either low overburden
pressures and/or high viscosities (>5*1021 Pa s) are required to initiate tensile failure at the hinge of buckle
folds during their development. For the latter condition, the elastic response of the model is more dominant
[Schmalholz and Podladchikov, 1999] resulting in lower (i.e., tensile) r’3 magnitudes and larger differential
stresses at the hinge. Furthermore, the modeling results clearly demonstrate the governing role that perme-
ability has on controlling the pore pressure, and hence effective stress conditions, within the folding layer
and matrix. When significant overpressure development occurs, tensile failure in the fold hinge zone is
more likely. The findings presented here agree with Lemiszki et al. [1994] who, based on Dieterich and Car-
ter’s [1969] results, conclude that tensile failure initiation in the outer arc of fold hinges can be predicted for
a combination of the parameters of strain rate, overburden, pore pressures, and viscosity.
Lemiszki et al. [1994] conclude that folding at depths of more than 3000 m requires significant overpressures
(k50.73) to explain tensile failure initiation. One drawback in Lemiszki et al’s [1994] study is the numeric
addition of pore pressure to Dieterich and Carter’s [1969] model results. Our study shows that the develop-
ment of overpressure during the folding process is closely linked to permeability and that values of
k 10219 m2 are required to generate the fluid pressures needed to initiate tensile failure at a reference
depth of 1232 m. For higher permeability rocks such as drained sandstones and carbonates, overpressure is
either absent or of a minor magnitude and tensile failure is only likely for low overburden pressures or high
viscosities (>1021 Pa s).
For the situations where modeling results predict tensile failure, fractures parallel to the fold axis at the top
of the hinge zone of the fold are expected. Tensile failure is only initiated after significant amount of short-
ening is applied (>20%) and fold amplitudes are large, which is in agreement with findings of Reber et al.
[2010].
The example model of single-layer fold scenarios used for this study shows that by using realistic sedimen-
tary rock parameters folding-related fractures as shown in Figure 1 cannot in a general fashion be explained
by the process of buckling alone. Furthermore, tensile failure observed on limbs of folds either perpendicu-
lar or parallel to the fold axis [e.g., Silliphant et al., 2002; Bergbauer and Pollard, 2004] cannot be explained
by the process of buckling when the influence of gravity is included. The modeling results also show that
tensile failure parallel to the bedding planes only occurs for very low permeability scenarios in the initial
stages of horizontal compression.
Since the conditions necessary for tensile failure during buckle folding determined in the sensitivity analy-
ses described above do not provide a general explanation for the formation of tensile fractures linked to
buckling (including for high permeability rocks) and fail to explain tensile failure in the limbs of folds, this
study raises the question of what other processes and parameters play an important role in the initiation of
tensile failure at depth. If tensile failure is not occurring during buckling, what is a likely cause for the com-
monly observed joint sets? Furthermore, is it possible for tensile failure to occur in folds at significant
depths? The two most obvious possibilities are that (1) joints are present prefolding as suggested by Berg-
bauer and Pollard [2004] caused by overpressure development during sedimentation [Price and Cosgrove,
1990]; (2) joints are a post buckling phenomena and are the result of erosion and exhumation [e.g., Price,
1966; Hancock and Engelder, 1989; Bourne, 2003].
4.1. Erosion/Exhumation
Numerical modeling has been used by the authors to test the idea that the processes of erosion and exhu-
mation which occur after the horizontal buckling compression has ceased, can result in the generation of
tensile fractures. Erosion and exhumation effectively reduce the weight of the overburden and thus reduce
the degree of compression within the fold structure. The resulting stress changes are investigated. For this
purpose, an elastic load step following the horizontal shortening is applied, during which the weight of the
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overburden is reduced over geologically reasonable time scales. An erosion/exhumation rate of 1 mm/yr
[Burbank, 2002] is considered by linearly reducing the magnitude of the gravitational acceleration for the
overburden over a period of 4.07 Ma. The lateral model boundary conditions preserve the state of shorten-
ing and only vertical in-plane displacements are enabled. Two different scenarios are considered: (1) a high
permeability case (k5 10215 m2) with an initial overburden thickness of 3000 m and 40% shortening; and
(2) a low permeability model (k5 10223 m2) with an initial overburden thickness of 3000 m.
The validity of this approach is shown in supporting information Figure S1 where erosional unloading of a
horizontally layered model matches the analytical solution given by [Turcotte and Schubert, 2002].
4.1.1. High Permeability
The results for the high permeability model (Figure 9a) show that while initial r’3 magnitudes at the fold
hinge are compressive (56–74 MPa; after buckling), the erosion process causes the minimum principal stress
r’3 to become tensile after 4.71 Ma for element 1, after 4.9 Ma for element 2, after 5.11 Ma for element 3,
and after 5.34 Ma for element 4. Stresses in the limb of the fold (Figure 9b) show a similar trend and tensile
stresses are obtained for all elements across the layer after 3.96 Ma. It is interesting to note that the result-
ing stress due to the removal of overburden (r’3) does not follow the equation for uniaxial strain conditions





Eroding 4070 m of overburden and using equation (11) would result in a reduction, i.e., r’32r’3 of 19.96
MPa in a horizontally layered model. Figure 9a shows that over 4.07 Ma r’3 is reduced by 66.45 MPa at Ele-
ment 1. The remaining overburden at the onset of tensile stresses is 1410 m at the hinge and 2160 m at the
limb of the fold. Thus, the reduction in overburden compression results in an amplification of the stresses
due to buckling.
Figure 9c shows the contour plot of r’3. The black line separates the compressive and tensile stress regimes.
These results show that tensile stresses are localized at the hinge zone but that a much larger effect (i.e.,
much lower magnitudes) develops on the limbs. Here, tensile failure is widespread and the compressional
stresses are relieved across the complete layer. This observation is similar to Frehner’s [2011] results where
tension occurs across the limbs at similar deformation stages (36% compared to 40% here). It should be
noted that Frehner’s [2011] modeling results are based on the state of strain in a buckle fold neglecting
gravity. However, the similarity of the spatial distribution of tensional strain (Frehner’s study) to tensional
stresses after erosion (this study) fortifies the conclusion that the reduction in overburden compression
(modeled as an elastic process) results in an amplification of the buckling stresses due to the remnant strain
Figure 9. (a) r’3 magnitudes during the erosional unloading for the high permeability model (10
215 m2) at the hinge of the fold. The results show that tensile stresses are obtained for
elements 1–4 even with a significant overburden load remaining. For example, tensile stresses occur at Element 1 with an overburden of 1410 m. (b) r’3 magnitudes during the erosional
unloading for the limb of the fold show uniform decrease toward tensile magnitudes. Tensile stresses occur at Element F with an overburden of 2160 m. (c) r’3 magnitudes after 4.07 Ma
of exhumation showing tensile stresses at the top of the hinge and all across the limb of the fold. The black line separates compressive from tensile stresses.
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stored in the folded layer and
the results are thus similar to
Frehner’s [2011] study in which
gravity is neglected.
4.1.2. Low Permeability
In order to test the influence of
erosion in a low permeability
model, the model setup is
modified slightly (Figures 10a–
10c). The folding layer is
embedded in a 2000 m thick
low permeability matrix
(k5 10223 m2). The overbur-
den (2000 m) is assigned a
high permeability (10215 m2)
to simulate hydrostatic pore
pressure decrease during the
erosional unloading. This
approach is necessary as the
changing top of the model
(Figure 10c) is assigned zero
pore pressure, a boundary con-
dition which does not yield
reliable results if the overbur-
den also has a low
permeability.
The low permeability model
shows a significant difference
to the high permeability model
when subjected to the ero-
sional load step. r’3 magni-
tudes for both the hinge
(Figure 11a) and the limb
(Figure 11b) after the onset of
erosion initially decrease
slightly and then reach con-
stant values. In order to under-
stand this behavior, the pore
pressure history of the fold system has to be analyzed. While pore pressure for the high permeability zone
remains hydrostatic (red line in Figure 11c), significant overpressure is generated during the compression
load step in the low permeability part. At the onset of erosion, this overpressure is significantly reduced at a
much higher rate than the hydrostatic section (Figure 11c). This behavior can be explained by observations
from 1-D consolidation studies based on linear elastic deformation, whereby erosion (i.e., unloading) results
in under pressure [Jiao and Zheng, 1998; Ellis and Darby, 2005]. Comparing the total stress evolution for the
two permeability scenarios (supporting information Figures S2a and S2b), it is clear that r3 is approximately
equal across the fold hinge (with slight differences at the bottom of the hinge) for the same exhumation
time, indicating that the total stress is independent of the permeability. Figure 11 and supporting informa-
tion Figure S2 show that the decrease in pore pressure and total stresses are approximately equal. This
results in constant values for r’3 for the low permeability scenario. Hence, tensile stresses are not obtained
due to erosional unloading.
4.2. Stress Orientation and Tensile Fractures
With the addition of the erosional load step, tensile stresses are developed at the hinge and throughout the
limbs. To further investigate the significance of the initiation of tensile failure within the fold layer, we
Figure 10. (a) Updated model setup for the low-permeability study. The folding layer is
embedded in a 2000 m thick low permeability matrix. The remaining overburden has a high
permeability. This enables the application of a zero pore pressure boundary condition at the
top of the model during the erosional load step. (b) Model geometry and dimensions after
40% shortening. (c) Model geometry after erosional load step. Note model dimensions in
Figure 10 are not to scale.
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examine the location, magni-
tude and orientation of tensile
stresses during the load his-
tory, and determine the loca-
tion and orientation of the
tensile fractures that might
form. Figure 12 shows the dif-
ferent scenarios and lists the
conditions for tensile failure to
occur during the load histories
considered. During the early
stages of horizontal compres-
sion for low permeability rocks
(10223 m2), tensile failure is
bedding parallel and occurs
across the layer for all elements
(Figure 12a). This can be attrib-
uted to the significant degree
of overpressure being gener-
ated during the early stages of
shortening. The pore pressure
overcomes the vertical stress
and separates the bedding
planes. This phenomenon is
commonly observed in shale
formations [Cosgrove, 2001;
Cobbold et al., 2013 and refer-
ences therein]. For the later
stages of buckling, tensile fail-
ure in low permeability rocks
(<10219 m2) occurs at the
hinge and the fractures are
normal to bedding and parallel
to the fold axis (Figure 12b).
This type of failure is also possi-
ble for high permeability rocks
having low overburden pres-
sures and/or high viscosities. In
addition, for high permeability
rocks tensile failure can be
observed during erosional
unloading. Vertical fractures
parallel to the fold axis occur at
the hinge and tensile fractures
in the limb are oriented parallel
to the fold axis and perpendicular to the bedding (Figure 12c). These findings explain the occurrence of
fracture Set 6 on Figure 1 in the limb and at the top of the hinge of buckle folds. Fracture Set 5 of Figure 1
cannot be generally explained by the modeling results. The out-of-plane principal stress in the 2-D model-
ing results becomes tensile at the top of the hinge for the low permeability (<10221 m2), low initial overbur-
den (500 m) scenario but remains compressive for all other cases (supporting information Figure S3).
Unfortunately, the present modeling results cannot confirm Reber et al.’s [2010] conclusion that, based on
the history of stress orientations during folding, vertical fractures in the fold limbs perpendicular to the fold
axis (i.e., Set 5 in Figure 1) form at low fold amplitudes under layer-subparallel compression. In the 2-D plane
strain model, the out-of-plane principal stress during the early stages is always compressive (supporting
Figure 11. (a) r’3 magnitudes during the erosional unloading for the low-permeability
model (10223 m2) at the hinge of the fold. The results show a slight initial decrease is fol-
lowed by r’3 reaching constant magnitudes. Tensile stresses are not obtained. (b) r’3 magni-
tudes at the limb of the fold display the same behavior. (c) The pore pressure decrease on
the hinge during exhumation is much larger than the hydrostatic decrease (red line).
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information Figure S3) and
does not promote the initiation
of vertical tensile fractures per-
pendicular to the fold axis. It
should be noted that Reber
et al.’s [2010] observation is
based on a large competence
contrast of Rl5100 and that
they also conclude that for sig-
nificant overburden pressures
tensile failure is unlikely.
4.3. Limitations
It is clear that by utilizing a 2-D
plane strain approach for simu-
lating single-layer viscoelastic
buckle folds model limitations
arise. The plane strain
approach effectively limits the
analysis to the in-plane princi-
pal stresses and therefore a
detailed analysis of tensile
stresses in the direction of the
out-of-plane principal stress is
restricted. While the out-of-
plane principal stress becomes
tensile in the late deformation
stages for the low permeability,
low overburden scenario, a
detailed analysis requires a 3-D
modeling approach. Stress magnitudes in this direction are directly dependent on the boundary conditions
in that dimension, i.e., whether the model is constrained, compressed, or extended in the third dimension.
One of the most important limitations of the models presented is the omission of plastic deformation. Once
tensile stresses of about 5–10 MPa are reached most sedimentary rocks fail and stresses are not increasing.
Moreover, tensile failure will be accompanied by an increase in permeability creating a tendency to nullify
the development of tensile stresses. However, the main objective of this study is to focus on and pinpoint
the spatial and temporal occurrence of tensile stresses which are necessary for the onset of tensile failure.
Therefore, the development of tensile effective stresses is considered a reasonable indicator of the initiation
of tensile failure in the models and their natural counterparts. The subsequent yield behavior and further
evolution of tensile failure is beyond the scope of this study and requires a different approach involving a
plastic constitutive relationship.
In an attempt to determine the impact of permeability on the stress state that develops within the model, a
homogeneous distribution of permeability throughout the model domain is assumed. The authors have,
however, also tested the influence of a heterogeneous permeability distribution in the model. These results
show that the matrix permeability is the major factor controlling the stress magnitudes in the model.
In the models involving the erosional load step isothermal processes are assumed and thus thermal
stresses due to cooling during exhumation/erosion are not included. Clearly, the addition of a changing
temperature field (particularly for high geothermal gradient regions) as well as more detailed analyses
of the pore pressure evolution with respect to permeability and overburden thickness is required in
order to investigate specific geological scenarios. These specific features are beyond the scope of this
paper, but are very tractable using the methodology presented. Last, detailed understanding of a struc-
ture’s strain history is necessary in order that a robust comparison of the numerical results and field
observations can be made.
Figure 12. Orientation of tensile failure (red lines) for different model scenarios and the con-
ditions for their occurrence. The black lines represent the orientations of r3. The darker gray
contours show the spatial extent of tensile stress magnitudes. (a) During the early stages of
buckling for low the permeability scenario, tensile failure is bedding parallel and perpendic-
ular to the fold axis. (b) During the later stages of buckling, tensile fractures occur at the top
of the hinge parallel to the fold axis and perpendicular to the bedding. Conditions for this
type of failure are low overburden pressure and/or high-layer viscosity or low permeability
(<10219 m2). (c) For high permeability rocks (>10216 m2), tensile failure occurs during ero-
sional unloading and is widespread across the limb with orientations parallel to the fold axis
and perpendicular to bedding. Tensile failure also occurs at the top of the hinge.
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5. Conclusions
An extensive 2-D plane strain numerical modeling study of viscoelastic single-layer buckle folding has
shown that tensile stresses and associated tensile failure only occurs under special conditions. It is con-
cluded that the buckling process determines the strain distribution within the fold layer but is not solely
responsible for the occurrence of tensile stresses. While buckling results in regions of compression at the
bottom of the fold hinge (i.e., in the inner arc) and extension in the outer arc of the fold hinge, this study
shows that parameters such as overburden thickness, viscosity, competence contrast, and most importantly
permeability have a governing influence on the absolute magnitude of the least effective principal stress,
r’3. With respect to their relative impact on r’3 magnitudes, the results presented here show:
1. The competence contrast, Rl, between matrix and fold layer determines the magnitude of buckling (i.e.,
fold amplitude and onset of buckle process). A lower Rl results in lower amplitude folds and higher r’3
magnitudes. A higher Rl results in larger amplitude folds and lower r’3 magnitudes. The higher Rl the
earlier the buckling process results in a decrease in r’3 magnitudes at the hinge of the fold.
2. For high viscosities (>1021 Pa s), the elastic influence on the deformation is increased and tensile stresses
are more likely.
3. The initial overburden thickness determines the amount of compression in the model. Lower overburden
pressure promotes the onset of tensile failure. Higher overburden pressures decreases the likelihood of
tensile stresses and failure at depth.
4. Permeability is a crucial factor with respect to the generation of compression associated overpressure
and r’3 magnitudes. Rocks with a permeability of 10
219 m2 and smaller exhibit overpressure and tensile
stresses at the hinge of the fold after 20% shortening. Only for the lowest permeability tested (10223
m2) are tensile stresses observed in the limb of the fold in the early stages of buckling.
Based on the buckling process, we conclude that tensile stresses in the hinge are likely at depth for high vis-
cosity, low overburden, or for cases with low permeability (<10219 m2). Tensile failure becomes more likely
the lower the overburden pressure. Tensile fractures (at the hinge) forming in these stress conditions are
parallel to the fold axis (i.e., vertical). Tensile stresses in the limb of the fold cannot be generally explained
by single-layer buckling. Only for extremely low permeabilities (10223 m2) can tensile stresses be observed
in the early stages of deformation and result in bedding parallel layer separation.
Erosional unloading has a significant impact on the state of stress within a buckle fold. For high permeabil-
ity rocks (k>10216 m2), the pore pressure remains hydrostatic during all load steps and erosion results in
the generation of significant tensile stresses throughout the fold structure. The results presented show that
erosion of high permeability rocks can explain the generation of tensile stresses at significant depths (1.4–
2.2 km) both at the hinge of the fold and throughout its limbs. Tensile fractures in the limb are oriented par-
allel to the fold axis and perpendicular to the bedding. For low permeability rocks (k<10216 m2), erosional
unloading results in constant r’3 magnitudes as the pore pressure drops significantly. This pore pressure
equilibration process decreases the likelihood of tensile stresses evolving.
The results of this study show that tensile stresses and associated failure within buckle folds is directly depend-
ent on the distribution of material parameters but moreover to the strain history of the geologic system.
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